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Controlling magnetism with electric fields is a key challenge to develop future energy-efficient 
devices, however, the switching between inversion symmetric states, e.g. magnetization up and 
down as used in current technology, is not straightforward, since the electric field does not break 
time-reversal symmetry. Here, we demonstrate that local electric fields can be used to reversibly 
switch between a magnetic skyrmion and the ferromagnetic state. These two states are 
topologically inequivalent, and we find that the direction of an electric field directly determines 
the final state. This observation establishes the possibility to combine energy-efficient electric 
field writing with the recently envisaged skyrmion racetrack-type memories.  
Current magnetic information technology is mainly based on writing processes requiring either local 
magnetic fields or spin torques, which are both generated by currents and thus inherently imply large 
switching power. It has been demonstrated that magnetic properties at surfaces or interfaces can be 
altered upon the application of large electric fields (1-5). This has mostly been ascribed to changes in 
magnetocrystalline anisotropy due to spin-dependent surface screening and modifications of the band 
structure (6-8), changes in atom positions (5,9,10), or differences in hybridization with an adjacent 
oxide layer (4,11). Since the electric field does not break time-reversal symmetry, several 
workarounds have been proposed to toggle between bistable magnetic states with electric fields 
(12,13). Even a change of material composition due to electric fields has been presented as an 
alternative to switch between states with different magnetic properties (14). 
This fundamental hurdle might be circumvented altogether by using magnetic skyrmions as 
information carriers instead of conventional bistable states. Magnetic skyrmions represent knots in the 
spin texture and thus are topologically distinct from the trivial ferromagnetic state (15,16). They can 
form in magnetic systems with broken inversion symmetry due to the Dzyaloshinskii-Moriya 
interaction (DMI), which is a consequence of spin-orbit coupling and favors an orthogonal spin 
configuration with a material-specific rotational sense. For a utilization of skyrmions in future 
spintronic devices it is indispensable to be able to reliably write and delete them individually. A local 
switching between the skyrmion and the ferromagnetic state has been demonstrated experimentally 
with vertically injected spin-polarized currents from a scanning tunneling microscope (STM) tip (17). 
However, non-collinear magnetic states are highly susceptible to electric currents, which may lead to a 
movement of magnetic skyrmions above a surprisingly low current threshold (15,18,19). While this is 
a benefit on one hand, as information can be transported easily through the material (20,21), in a write 
unit it is desirable to encode the information in a specific position, without a subsequent movement of 
the written magnetic bit. 
In this work we show that an electric field, rather than a local spin current, can be used to reliably 
switch between a skyrmionic and the ferromagnetic state, thereby offering great potential for future 
energy-efficient skyrmion based memory and logic devices. Our model system is a three atomic layer 
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thick epitaxial Fe film on an Ir(111) substrate and Figure 1a shows the topography of a typical sample. 
Due to the lattice mismatch, dislocation lines with a periodicity between 4 and 9 nm are observed in 
the Fe film, a manifestation of strain relief. Figure 1b shows the spin-resolved map of differential 
conductance (dI/dU) of the area indicated by the dashed box in 1a. It demonstrates that the magnetic 
ground state in zero magnetic field is a spin spiral, which propagates in the direction of the dislocation 
lines. In this area the spin spiral has a magnetic period of about 3.8 nm. Similar to the spin spiral state 
of the Fe double layer on the same substrate (22), the wavefronts exhibit a zigzag shape with the 
periodicity of the dislocation lines. This is due to a coupling of the magnetic state to the structure of 
the reconstructed Fe layer (see supplementary materials, Fig. S1). When an external magnetic field is 
applied, Fig. 1c, the magnetic state changes: at +2.5 T the bright areas have grown, and only individual 
magnetic objects are left. The smallest units exhibit a bean-like shape, reflecting the symmetry of the 
Fe atom arrangement in the layer. 
To characterize the spin structure of the bean-shaped magnetic objects, we measure the in-plane 
magnetization components of all three possible rotational domains, Fig. 2a, i.e. on magnetic objects 
rotated by 120° with respect to each other, see spin-resolved dI/dU maps in Fig. 2b-d. While the 
magnetic entities have a different appearance for each rotational domain, they all look identical within 
one rotational domain; for instance in Fig. 2c the objects are always imaged bright at the bottom and 
dark at the top. Combining this with the knowledge from Fig. 1c, i.e. that the out-of-plane 
magnetization component is antiparallel to the external magnetic field in the center and along the 
applied field between the magnetic objects, we can conclude that all of them have the same rotational 
sense. This is not surprising, as it is known that the DMI is strong at the Fe/Ir(111) interface (23). 
Figure 2e-g (top) show spin-resolved dI/dU maps of one representative magnetic object from each 
rotational domain, rotated to have the dislocation lines run vertically. This is equivalent to imaging the 
same magnetic state with sensitivity to three different in-plane magnetization directions as indicated 
by the arrows. This allows for a reconstruction of the spin structure (23), and the result is shown in 
Fig. 2h. Simulations of SP-STM images (24) of this spin configuration, shown in Figs. 2e-g (bottom), 
agree well with the experimental data (top). While due to the underlying atom arrangement this 
magnetic object is not axially symmetric like magnetic skyrmions in an isotropic environment, see 
sketch in Fig. 2i, it has the same characteristics of unique rotational sense of the magnetization, which 
wraps the unit sphere, and thus it exhibits the topology of a skyrmion. 
In view of future spintronic applications based on magnetic skyrmions, it is essential to be able to 
write and delete them, which we demonstrate for our system in the measurement series presented in 
Fig. 3: a negative voltage of -3 V, i.e. a tunnel current from sample to tip, deletes a skyrmion, and the 
opposite current direction with +3 V writes it. Since the bias polarity determines the direction of the 
switching process, we can rule out that non-directional effects like Joule heating or the finite 
measurement temperature play an important role; instead this finding is a hallmark of either spin-
transfer torque due to the flow of spin-polarized currents (17), or a signature of electric field driven 
effects, both possible in an SP-STM setup, cf. Fig. 3 (top). To distinguish between these two 
mechanisms we use a non-magnetic W tip, for which the spin-transfer torque contribution vanishes. 
Due to the different electronic nature of non-collinear and ferromagnetic states, a skyrmion can also be 
detected with spin-averaging tips (25), as seen in the image series of Fig. 4a. Here, the ability to 
annihilate and create skyrmions with a non-magnetic electrode is demonstrated and suggests a decisive 
role of the electric field. 
The electric field between an STM tip and the sample surface can be estimated via the ratio of applied 
sample bias voltage and tip-sample distance, E = U/d. Due to the shape of the tip the electric field 
derived in such a parallel plate model is an upper bound for the electric field at the surface (26). While 
U and relative tip-sample distances are directly accessible in STM experiments we estimate the 
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absolute distance d by extrapolation (see Fig. S2). To determine the threshold voltage Ut for switching 
the magnetic state, voltage sweeps with d kept constant were performed. In such a measurement the 
switching of a skyrmion manifests itself in a jump in the tunnel current. We observe successful writing 
and deleting of the skyrmion nearly every time we perform the voltage sweep (see also Fig. S3). Note 
that the exact values of Ut depend slightly on the used micro-tip and the distance between dislocation 
lines and thus only measurements with the same tip on the identical sample spot, as presented in 
Fig. 4a,b, can be compared quantitatively (see also Fig. S4). The threshold voltage to switch the right 
skyrmion in Fig. 4a was measured for different tip-sample distances, as well as in different magnetic 
fields, Fig. 4b. The linear behavior of Ut with respect to the tip-sample distance at each magnetic field 
demonstrates that indeed a critical electric field Ec is responsible for the switching of the magnetic 
state. From a linear fit of all data with the constraint of a joint crossing at zero bias we derive electric 
fields of Ec = 1 – 6 V/nm. Due to the STM tip geometry these values are upper bounds, meaning that 
the actual electric fields necessary for writing or deleting might be lower. We conclude that electric 
fields allow for controlled and reliable switching between topologically distinct magnetic states. 
Different mechanisms for the electric field driven switching are possible. Given that the electric field 
influences the charge distribution in the surface region and possibly the interatomic distances (1-10), a 
modification of the relative strengths of the magnetic energies is expected. Considering that the 
formation of skyrmions in external magnetic fields is typically explained by a balance between 
magnetic exchange interaction, DM interaction, and magnetocrystalline anisotropy, it is clear that a 
change of any of these parameters upon application of an electric field will modify the energy 
landscape. 
We have shown that while an external magnetic field adjusts the relative energy levels between 
skyrmion and ferromagnet globally, the same can be achieved locally by an electric field, see sketch in 
Fig. 4c, enabling full control over individual magnetic states. For our system we find that an electric 
field of 1 V/nm corresponds to a magnetic field of about 40 mT, Fig. 4d. This kind of electric field 
driven skyrmion switching may be superior over current-induced switching and demonstrates the 
feasibility of energy-efficient skyrmion devices. 
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Fig. 1. Field-dependent magnetic states of the Fe triple layer on Ir(111). (a) SP-STM constant-current image of about 
2.7 atomic layers of Fe on Ir(111) showing the sample topography. The contrast has been adjusted separately for the different 
terraces. Both the Fe triple layer (TL) and the Fe double layer (DL) are reconstructed due to uniaxial strain relief (see Fig. S1 
for a structure model). (b) Corresponding spin-resolved dI/dU map of the area indicated by the dashed rectangle in (a); the tip 
magnetization direction mt is indicated. At B = 0 T the magnetic ground state of the Fe-TL is a spin spiral with zigzag 
wavefronts and here the periodicity is about 3.8 nm. (c) Spin-resolved dI/dU map of the same area in an external out-of-plane 
magnetic field of B = +2.5 T, the zero field spin spiral has broken up into individual magnetic objects (measurement 
parameters for all: U = -0.7 V, I = 1 nA, T = 7.8 K, Cr bulk tip which is sensitive to the out-of-plane sample magnetization). 
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Fig. 2. Spin structure of the magnetic objects. (a) Perspective view of an SP-STM constant-current image of about 2.5 
atomic layers of Fe on Ir(111) measured at B = +2.5 T; from the data we infer a tip magnetization as sketched. (b-d) Spin-
resolved dI/dU maps of each of the three possible rotational domains of the reconstructed Fe triple layer at B = +2.5 T, areas 
indicated in (a) by dashed squares; the tip magnetization direction is indicated by the arrows. (e-g) Spin-resolved dI/dU maps 
(top) of one representative magnetic object of each rotational domain, rotated to have the dislocation lines vertical (image 
area is 7.5 nm × 3.5 nm), and SP-STM simulations (bottom) of the spin structure displayed in (h); the tip magnetization 
direction is indicated by the arrows. (h) The spin structure of the magnetic objects of the Fe triple layer, derived from the in-
plane magnetic contrasts; image size same as in (e)-(g). (i) Spin structure of an axially symmetric magnetic skyrmion for 
comparison. (Measurement parameters for all: U = -0.7 V, I = 1 nA, T= 7.8 K, Cr bulk tip). 
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Fig. 3. Writing and deleting of magnetic skyrmions. Sketch of the experimental setup for writing and deleting (top). 
Perspective views of subsequent SP-STM constant-current images of the same Fe triple layer area (Cr bulk tip, U = +0.3 V, I 
= 0.5 nA, T = 7.8 K, B = +2.5 T). In between images voltage ramps up to U = -3 V (+3 V) have been performed at the 
positions of the dashed (solid) circles, which reproducibly resulted in deleting (writing) of an individual magnetic skyrmion.  
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Fig. 4. Electric field driven switching of magnetic skyrmions. (a) Constant-current images of a measurement series with a 
spin-averaging W tip (measurement parameters: U = +0.2 V, I = 1 nA, T = 7.8 K, B = -1.85 T); again the deleting and writing 
is possible with voltages of -4 V (dashed circle) and +4 V (solid circle), respectively. (b)  Threshold voltages Ut for writing 
and deleting as a function of tip-sample distance d for two different applied magnetic fields (see Figs. S2, S3 for the 
determination of the absolute tip-sample distance and the threshold voltage, respectively); #w,#d indicate the number of data 
points; the success rate for switching was more than 95%. The linear dependence demonstrates the role of a critical electric 
field for writing and deleting, and the corresponding values Ew and Ed are given. (c) The sketches of the two state energy 
landscape illustrate that while a global tuning with the external magnetic field adjusts the relative energy levels between 
skyrmion and ferromagnet, a locally applied electric field can be used at the same time to favor one or the other state. (d) The 
critical electric fields with statistical error bars extracted from (b) plotted as a function of external magnetic field; we find that 
1 V/nm corresponds to about 40 mT.  
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Figure S1. Structure model and implications for the shape of magnetic states. For the growth of Fe on 
Ir(111) a transition from pseudomorphic atom arrangement for the Fe monolayer (ML) to more bcc(110)-like Fe 
areas for higher layers is expected. A structure model that is in agreement with the experimentally observed 
symmetries is shown: the ML-Fe grows pseudomorphic to Ir(111) in fcc stacking, and for higher layers a 
uniaxial compression along the closed-packed atomic row leads to dislocation lines running along [11-2] (22). 
Locally the atomic arrangement varies periodically from fcc via bcc-like to hcp and further via bcc-like to fcc; 
two bcc(110) unit cells are indicated by rectangles. A similar coupling of the magnetic state to the local atom 
arrangement as presented for the Fe triple layer (TL) in the main text has also been found for the Fe double layer 
(DL) on Ir(111) (22). It can be pictured as a local alignment of the spin spiral propagation vectors q with the 
bcc[001] direction (dashed arrows), which results in zigzag spin spiral wavefronts. In an applied magnetic field it 
is observed that the magnetic objects of the Fe-TL are always centered at the same type of hollow-site 
dislocation line, resulting in the bean-like shape with all beans in one structural domain pointing in the same 
direction, and a rotation of the bean-like shape by 120° between different rotational domains. 
 
 
Figure S2. Estimation of the absolute tip-sample distance for the measurement of Fig. 4. The graph shows 
the tunnel current versus the relative tip-sample distances corresponding to U = +4 V and the setpoint current 
values of the dataset in Fig. 4b. The linear behavior in this semi-logarithmic plot is characteristic for the tunnel 
regime. An extrapolation to the point contact resistance of 12.9 kΩ (10) yields an absolute tip-sample distance of 
764±17 pm for 1 nA.  
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Figure S3. Determination of the threshold voltages for switching. I(U) spectrum measured during the writing 
and deleting of one particular magnetic skyrmion. The jumps in the current mark the threshold voltages for 
writing at positive and for deleting at negative bias voltage; the insets show enlarged views of the switching 
events (stabilization parameters: U = +4 V, I = 1 nA; T = 7.8 K, B = -1.75 T). This measurement was repeated 42 
times on the same sample position. The scattering of the respective threshold voltages is displayed at the bottom. 
Note that due to the small difference in the current signals for skyrmion and ferromagnet at positive bias voltage 
not all threshold voltages for writing could be extracted. 
 
 
Figure S4. Electric field driven skyrmion switching with a spin-polarized tip. (a-c) Constant-current images 
of a measurement series with a spin-polarized Cr bulk tip, where one magnetic skyrmion has been deleted and 
rewritten with voltage ramps up to -4 V and +4 V, respectively (measurement parameters: U = +0.2 V, I = 1 nA, 
T = 7.8 K, B = -1.45 T). (d) Threshold voltages for writing and deleting for this measurement series at different 
tip-sample distances and applied magnetic fields; the linear behavior shows that also for the measurement with a 
spin-polarized tip the electric field dominates the switching mechanism. (e) The extracted critical electric field 
with statistical error bars versus the applied magnetic field. The difference to the results of Fig. 4b might be due 
to either a different distance between the dislocation lines at this sample area, a different surrounding, a different 
microtip that exhibits a different electrical field, or an additional contribution from spin-transfer torques. Note 
that the tip changed during this measurement series. 
